In this study we looked at the epididymides and spermatozoa of mice knocked-out for nuclear oxysterol receptors (LXR). We have shown that LXR-deficient mice exhibited upon ageing a severe disruption of their caput epididymides associated with abnormal accumulation of neutral lipids. The epididymis defaults were correlated with sperm head fragility and infertility. In agreement with the observed caput defect in transgenic animals in which both LXR and LXR isoforms were disrupted, we have shown here that both receptors are expressed in caput and cauda epididymides regions. LXR was predominantly expressed throughout the mouse epididymis while the expression of LXR was weaker. In addition, the expression of selected genes that can be considered as markers of adult epididymis function was monitored via Northern blots in the different single and double LXR-deficient backgrounds. Altogether, the data presented here suggest that LXR receptors are important actors in epididymis function.
Introduction
Cholesterol is an important actor in testicular and post-testicular maturational events that lead to the production of mature fertile spermatozoa. In the testis, male steroidogenic cells (i.e. Leydig cells) use cholesterol to actively synthesize steroids which are key factors in terms of male differentiation and germ cell production in the seminiferous tubules. Cholesterol is also important when it comes to post-testicular maturation of spermatozoa. A well-documented feature of epididymal maturation of spermatozoa is either their progressive loss of cholesterol while they transit through the organ or a decrease in the cholesterol/phospholipid molar ratio via the uptake of phospholipids into the sperm plasma membrane (Haidl & Opper 1997) . This results in changes in the sperm plasma membrane ability to fuse with the oocyte. Finally, cholesterol efflux has also been shown to be involved in signal transduction phenomena leading to sperm capacitation (for reviews see Cross 1998 , Travis & Kopf 2002 .
Nuclear oxysterol receptors, or liver X receptors (LXRs), are members of the nuclear receptor superfamily that are bound to and activated by oxysterols, a specific class of oxidized derivatives of cholesterol. They bind DNA as obligate heterodimers with retinoid X receptors (RXRs), the receptor for 9-cis retinoic acid, onto cis-acting motifs of the DR4 type constituted of two direct repeats of an hexanucleotide motif (5 -AGGTCA-3 ) separated by four nucleotides . LXRs have been shown to regulate a wide variety of genes involved in the catabolism, transport and uptake of cholesterol and its metabolites, thereby controlling cholesterol elimination. Confirmation of this role came from the analysis of lxr-deficient mice (Peet et al. 1998a ,b, Repa & Mangelsdorf 2000 , Venkatesvaran et al. 2000 . Two isoforms, LXR and LXR , the tissue distribution of which differs, have been characterized. LXR (NRIH3) expression in adult animals is predominant in tissues that are at the centre of lipid metabolism, including the liver, small intestine, spleen, adipose tissue, pituitary, adrenals and kidney, while LXR (NRIH2) was found to be ubiquitous .
The importance of cholesterol homeostasis in the maturation of spermatozoa leads to the tempting speculation that LXRs may play a specific role in these crucial processes. Interestingly, it was recently noticed that the fertility of mice in which both LXR receptors were disrupted dramatically decreased upon ageing (D H Volle, personal communication) . Since male mice deficient for LXR and LXR were fertile when younger (up to 6 months) we have assumed that their spermatogenic capacity was not primarily at stake. These observations prompted us to investigate more closely the impact of LXR disruption on the mouse epididymis. First, we investigated whether the LXR and LXR receptors were expressed in wild-type (WT) adult epididymis. We then monitored the expression of genes that can be considered to be markers of the transcriptional activity of the different regions of the adult epididymis in the different single (LXR / or LXR / ) and double LXR (LXR / ) knockout backgrounds in order to see if the absence of LXR expression resulted in changes in epididymal gene expression. Finally, we carried out a histological analysis of the epididymides and spermatozoa of LXR -null mice compared with WT mice.
Materials and methods

Animals
The generation of LXR-deficient mice has been described elsewhere (Peet et al. 1998a ,b, Repa & Mangelsdorf 2000 , Venkatesvaran et al. 2000 . Male mice of the BL6×129 Svj hybrid strain were reared in a temperature controlled (22 C) atmosphere with a 12 h light:12 h darkness cycle. Mice were handled according to the Guidelines on the Use of Living Animals in Scientific Investigations. Androgen supplementation was carried out with two daily subcutaneous injections (75 µg/injection) of testosterone heptylate (Theramex Laboratories, Monaco) dissolved in sesame oil. Treatment was applied for 15 days to a pool of six animals. The control mice (six sham-operated animals) received equivalent injections of sesame oil only. Tissues were dissected as described earlier (Lefrançois et al. 1993) , frozen in liquid nitrogen and stored at 80 C before use. Unless otherwise indicated all chemicals were from Sigma-Aldrich (Saint Quentin Fallavier, France).
PCR, RT-PCR and Northern blot hybridizations
PCR amplifications and reverse transcription of total RNA were performed as described earlier (Drevet et al. 1994 ) using sets of specific primers (see Table 1 ) designed to amplify a 220 bp long and a 180 bp long LXR and LXR cDNA fragment respectively. In order to carry out a semiquantitative evaluation of the epididymal expression of LXR receptors, amplification of an internal standard (glyceraldehyde-3-phosphate dehydrogenase (GAPDH), see Table 1 ) was performed in the same reactions. For the extraction of total RNA, liver and epididymides were processed as previously reported (Ghyselinck et al. 1993) . Northern blot analyses were carried out using formaldehyde agarose (1·5%; w/v) gels essentially as described (Sambrook et al. 1989 ). Randomprimed labelled (MegaprimeTM; Amersham, Les Ulis, France) cDNA fragments corresponding to the complete open reading frame of the glutathione peroxidase GPX3, GPX5 and the Ets-like polyoma enhancer activator 3 trans-acting factor (PEA3) mRNAs were used as probes (Vernet et al. 1996 . Homogeneity in RNA loading was monitored by a subsequent hybridization of each blot with an 18S ribosomal RNA random-labelled cDNA probe.
SDS-PAGE and Western blot analyses
Tissues were treated as described earlier (Vernet et al. 1997) . Protein electrophoresis was performed as originally reported by Jimenez et al. (1990) with the modifications described by Vernet et al. (1997) . Western blot analyses were carried out using the ECLTM detection system (Amersham). Blots were incubated at room temperature with the primary antibody for 4 h (dilution 1/3000). The antibody against maize (m)LXR (Volle et al. 2004) recognizes the N-terminal domain of the LXR receptor. An anti-rabbit IgG labelled with horseradish peroxidase was used as secondary antibody (dilution 1/10 000). Blots were then exposed for 2 min at room temperature against autoradiographic films (Kodak; X-Omat AR/5).
Histological analyses
Following anaesthesia and death by cervical dislocation, organs were rapidly dissected and fixed by immersion in ethanol/acetic acid buffer (3/1; v/v) for 30 min. Organs were then dehydrated using 100% ethanol followed by butanol washes and embedded in paraffin (Faure et al. 1991) . Blocks were sectioned at 5 µm and sections were deparaffinized (Histoclear) and rehydrated through washing in se-rial dilutions of alcohol into water. Sections were stained for 3 min with Masson's Hemalun solution (0·2% (w/v) haematein, 5% (w/v) aluminium potassium, 2% (v/v) acetic acid; Sigma-Aldrich), then washed for 3 min under tap water. Sections were then stained with 0·3% (w/v) carmin indigo in saturated picric acid for 30 s. Excess carmin indigo stain was washed out in a bath of absolute ethanol. Alternatively, sections were in some cases stained for 5 min in a solution of Giemsa (Sigma) diluted into water (1/20). For red oil staining of lipids, cryosections were used. Tissue samples were immersed in OCT (Miles Scientific, Naperville, IL, USA) and immediately frozen in liquid nitrogen. Sections (10 µm) were cut using a S030 microtome cryostat (Bright Instrument Co. Ltd, Huntingdon, Cambs, UK). For the detection of neutral lipids, red-oil O staining was used as originally described by Lillie & Ashburn (1943) .
Sperm retrieval from cauda epididymides
Cauda epididymides were minced either in classical 1×phosphate-buffered saline (KCl 2·7 mM, KH 2 PO 4 1·5 mM, NaCl 137 mM, pH 7·2, Na 2 HPO 4 8·1 mM and EDTA 1 mM) or in Whittingham's medium (NaCl 100 mM, pH 7·2, Na 2 HPO 4 16 mM, CaCl 2 1·8 mM, MgCl 2 0·5 mM, Na 2 CO 3 20 mM, glucose 5·5 mM, sodium pyruvate 0·5 mM, sodium lactate 18·7 mM). Minced tissues were then gently agitated to allow sperm dispersion. Epididymal tissues were removed after centrifugation for 5 min at 100 g. Spermatozoa were concentrated by centrifugation for 5 min at 500 g.
Results
LXR receptors are differentially expressed in the mouse epididymis
We used RT-PCR to show that LXR receptors are expressed in the mouse adult epididymis. Figure 1A presents a typical amplification showing that both LXR and LXR mRNAs are present in total RNA samples prepared from caput and cauda epididymides of adult WT male mice (9 months of age). To evaluate, in a semi-quantitative manner, the level of expression of LXR and LXR receptors in the epididymis territories, GAPDH amplification was carried out in the same reactions and, in addition, control amplifications were performed using reverse-transcribed total liver RNA from the same mice. This showed that the LXR receptor was expressed throughout the epididymis at a level comparable to that of the liver while the LXR receptor appeared to be less represented in the epididymis than in the liver, and also slightly less represented in the cauda than in the caput epididymidis. Using a purified polyclonal antibody generated in house for the mouse LXR protein (Volle et al. 2004) , we carried out a western blot analysis of mouse epididymis protein extracts. The Western blot analysis presented in Fig. 1B shows that the LXR protein was indeed present in caput epididymis protein extracts. In agreement with the semi-quantitative RT-PCR approach reported above, the western analysis revealed that the LXR receptor was less abundant in epididymis than in liver and, within the epididymis itself, more abundant in caput protein extracts when compared with corpus and cauda samples. As positive controls, total protein extracts prepared from the liver of the same animals as well as from LXR / knockout animals were provided while, as negative controls, total protein extracts of LXR / knockout mice are shown.
Expression of epididymal genes is affected in LXR knockout mice
Northern experiments were carried out in order to see if the disruption of LXR receptors induced any change in epididymal gene expression. Total RNAs were prepared from the epididymides of LXR knockout mice and hybridized with probes for genes that can be considered as markers of epididymal function. Specific cDNA probes were synthesized for the caput-restricted genes encoding GPX5 (Vernet et al. 1997 ) and PEA3 (Lan et al. 1997 , 1998 . In parallel, the gene coding for the plasma-type GPX3, known to be expressed at a significant level in the mouse cauda epididymis , was also used as a probe. RNA samples were prepared from 11-month-old animals and RNA loadings were normalized using an 18S ribosomal RNA probe. A typical northern blot is shown in Fig. 2A while densitometric analyses of northern blots from three different experiments using pools of epididymides from distinct knockout animals are shown in Fig. 2B . The analysis revealed that changes in epididymal gene expression were obvious for mice in which both LXR and LXR were disrupted. Variations in gene expression particularly concerned the caput region of the epididymis. Indeed, in the caput of LXR -null mice we recorded a strong decrease in the accumulation of both the caput-restricted GPX5 and PEA3 mRNAs ( Fig. 2B ). In agreement with the higher expression of LXR versus LXR throughout the epididymis, the decrease in the accumulation of GPX5 and PEA3 mRNAs was less pronounced in the single LXR knockout animals than in LXR / or in LXR / animals. This was also true for the accumulation of the PEA3 mRNA which, in LXR / animals, appeared at a level comparable to that recorded in the double LXR mutant animals (LXR / ). It was also true for the cauda-expressed GPX3 gene transcript accumulation, which was significantly reduced in the LXR / animals while it did not change significantly in either the LXR / or the LXR / animals.
Are caput-expressed genes targets for LXRs?
To determine whether caput-expressed genes (such as GPX5 or PEA3) could be direct LXRs target genes, we first carried out a computer-assisted search to screen for the presence of consensual LXR response elements (LXRE) of the type 5 -DGGTYAyynnVGKKCA-3 within their regulatory gene sequences (Volle et al. 2004) . One highly degenerate putative LXR-binding site was found in the distal GPX5 5 -flanking promoter region (Fig.  3A) . In order to see whether the GPX5 gene could be regulated by LXRs, we fed WT mice with an agonist of LXR (T0901317=T1317) (Sigma) and monitored the accumulation of the GPX5 mRNA. No significant variation in the epididymal accumulation of the GPX5 mRNA was detected ( Fig. 3B ) in T1317-fed animals after 12 h, suggesting that gpx5 is not directly regulated by LXRs. A PEA3 probe was also tested on the same blot and, as was the case for GPX5, no variation in the accumulation of the PEA3 transcript was detected (not shown). Because of the presence of a blood/epididymis barrier that could eventually protect the epididymal territory from the systemic action of the LXR agonist, we investigated the behaviour of a known LXR target gene, abc8 (Venkatesvaran et al. 2000) within the epididymides of T1317-fed animals. Since the level of expression of abc8 within the mouse epididymis is low, a semi-quantitative RT-PCR approach was carried out to evaluate the epididymal effect of the LXR agonist. A typical amplification presented in Fig. 3C shows that T1317 administration is followed by an increase in the accumulation of the abc8 transcript in WT mouse epididymis. In addition, Fig. 3C shows that T1317 treatment of caput epididymal culture cells (Britan et al. 2004 ) is followed by an increase in the accumulation of abc8 mRNA recorded after 12, 24 or 48 h, confirming that, in vitro as in vivo epididymal epithelial cells can respond to the LXR agonist.
Histological analysis of the epididymides in LXR −/− animals
The decrease in the caput accumulation of the GPX5 and PEA3 mRNAs associated with the observation that the caput-expressed genes gpx5 and PEA3 were unlikely to be directly regulated by LXRs prompted us to look more closely at the epididymis epithelium of LXR mutant animals. No difference was observed in the histology of the epididymis of LXR or LXR single knockout mice compared with the WT (not shown). On the contrary, a dramatic disruption of the caput epididymal histology was detected in animals (aged 10 months) in which both lxr and lxr were invalidated (Fig. 4) . Gross macroscopical observations of the epididymides upon dissection did not reveal drastic variations although caput epididymides were found to be slightly enlarged and spongy when compared with controls. No strong difference was observed in the amount of fat pad associated with the caput. A typical caput section of LXR / mice is shown in Fig. 4A (right panel) . Overall, we detected no difference in the regionalization of the caput epidi-dymides, since the various segments reflecting the spatial organization of the caput (segments 1 to 5 in the antero-posterior axis as defined by Abou-Haila & Fain-Maurel 1984) were there and correct in size and organization. However, a strong disruption of the caput epithelium especially in the proximal region, the so-called segments 1 and 2 (initial segment and proximal segments), was observed. When compared with a typical control caput (Fig. 4A, left  panel) , the differences were in the size and thickness of the epithelium of the epididymal tubules. In addition, and in agreement with the spongier aspect of the organ, some tubule sections lacked any luminal content while other tubule sections were filled up with amorphous substances. At higher magnification (Fig. 4B) , we observed that the major difference detected in the caput segment 2 area of LXR / animals was in the thickness of the epithelium (compare left and right panels in Fig.  4B ). Epithelial principal cells were there as reflected by the presence of nuclei, but they no longer appeared as high columnar epithelial cells. The apical membrane was in close proximity to the nuclei, and stereocilia which are characteristic of the principal cells of this region of the organ (especially in segment 2) were absent.
Temporal evaluation of the setting up of the caput segment 2 defect in the LXR −/− animals
In order to investigate the appearance of the epididymis defect in the double LXR knockout mutants we analyzed the histology of caput segment 2 in LXR knockout animals at various ages. Caput sections presented in Fig. 5 show that from 2 to 5 months of age the histology of caput segment 2 tubules is not disturbed when compared with control animals (inserts). At 5·5 months of age, we detected a slight decrease in the thickness of the tubule epithelium and by 6 months the principal cells of caput epididymal segment 2 epithelium were as fully disturbed as they appeared in mice of 10 months of age (see Fig. 4B ). Sections shown are typical sections from at least three animals at each age.
Histological evaluation of the luminal content of caput segment 2 and cauda sections in LXR −/− animals
Sections of LXR
/ caput segment 2 presented in Fig. 6 show some examples of the heterogeneity that we have observed in the luminal content of epididymal tubules. WT caput segment 2 tubule sections ( Fig. 6A ) are presented with their classical appearance being that of a tall epithelium with numerous luminal spermatozoa as revealed by the presence of dark condensed nuclei and flagella. In LXR / animals, some caput segment 2 tubules were nearly empty while other tubules in the same area either contained vesicular-type structures or/and were filled with an amorphous substance with very few visible spermatozoa (Fig. 6B ). In some sections (Fig. 6C) , cellular-like/vesicular-like structures were found within the luminal compartment. Finally, vesicular structures were also found to be abundant in the epithelium of the tubule sections (see Fig. 6D and see also Fig. 8A ) as well as in the underlying connective tissues (Fig. 8A) .
To address the question as to whether or not the amorphous substance that is accumulated in the lumen of some of the caput segment 2 sections as well as the vesicular inclusions detected in the tubule epithelium could be of lipidic nature, we subjected cryosections to oil-red O staining. Oil red specifically stains neutral lipids such as triglycerides and cholesterol. Figure 7B and C shows that the luminal compartment of caput segment 2 tubules from LXR / animals (6 months old) did not show any strong reactivity, suggesting that the luminal-accumulated materials are not prominently constituted of lipids. On the contrary, it was clear that both the epithelium and the interstitium of caput segment 2 sections from LXR / animals were highly reactive towards oil-red O, suggesting that accumulation of neutral lipids occurred in LXR-deficient animals (compare Fig. 7A with B and C) . A control section of WT caput epididymis (segment 2) at the same age, where no staining is detected, is provided in Fig. 7A . At a more advanced age (12 months) the caput segment 2 epithelium contained numerous (Fig. 8A ) which were highly reactive toward oil-red O (Fig. 8B) .
In order to assess if spermatozoa were affected in the LXR / background we prepared sperm samples from cauda epididymides of 11-month-old LXR / and WT mice (Fig. 9) . Spermatozoa from the double LXR and transgenic animals were scarce and structurally abnormal. They exhibited a structural fragility since, in spermatozoa preparations from LXR / cauda epididymides, sperm heads were systematically separated from their flagella (Fig. 9A) . Moreover, flagella were abnormal and presented various degrees of angulation, being either bent at various angles or in a hairpin structure.
Androgens cannot restore the epididymal defect of LXR −/− animals
Since the maintenance of the differentiated state of the epididymis epithelium is largely under the dependence of androgens, an evaluation of the concentration of circulating androgens in LXR / transgenic animals was carried out. Androgen concentrations were found to be reduced in 5-month-old animals null for LXR and LXR , suggesting that testis functions were also disturbed in LXR-deficient mice (D H Volle, unpublished observations) . In order to evaluate whether the epididymal defect was correlated with the decrease in circulating androgens, we supplemented 7·5-and Figure 5 The epididymal defect of LXR -deficient mice occurs around 6 months of age. Caput segment 2 sections of LXR -null mice at 2, 3, 4, 5, 5·5 and 6 months of age (M). Inserts within panels (2, 3, 4 and 6 months old) show a photograph of a control caput segment 2 section of a WT animal at the same age.
10·5-month-old LXR / mice with testosterone for 15 days and carried out an histological analysis of their caput epididymides. The addition of androgens did not correct the abnormal caput epithelium of LXR-deficient mice (not illustrated). These data suggested that androgens alone are not solely responsible for the specific phenotype observed in the proximal segments of the caput epididymides in LXR / animals.
Discussion
Since lipid homeostasis is crucial for the acquisition of sperm fertilizing ability, we raised the question of the role of LXRs in the epididymis. Our data have shown that both and isoforms of the LXRs are expressed in the normal adult mouse epididymis. In addition, although only semi-quantitative RT-PCR was used, our results indicated, at least for LXR , that it is preferentially expressed in the mouse caput versus the cauda epididymides. The availability of an in-house-generated polyclonal serum directed against the mouse LXR isoform allowed us to show that the LXR protein is indeed present at detectable levels in caput epididymal protein samples. In agreement with the suggested caput higher accumulation of the LXR transcript, the LXR protein was found to be less abundant in corpus and cauda epididymal protein samples.
Northern experiments using total RNA samples from epididymides of transgenic animals in which both LXR and LXR were disrupted showed a strong decrease in the accumulation of transcripts for caput epididymidis restricted genes (namely GPX5 and PEA3). In contrast, mRNA accumulation of a cauda preferentially expressed gene (GPX3) was not drastically changed in the same animals while on the contrary GPX3 expression seems to be significantly affected in the single LXR / animals. Altogether, these data indicated that the mouse epididymis is somehow under the control of LXR receptors. In the single LXR or LXR knockout models the decrease we recorded in the accumulation of caput GPX5 and PEA3 transcripts was not as pronounced as in the double knockout mice, suggesting that LXR and LXR can partially, but not totally, compensate for each other. This could suggest that LXR and LXR do not play totally the same roles and are likely to have distinct target genes in the mouse epididymis. The down-regulation of GPX3 expression in cauda epididymis in LXR / animals associated with the absence of effect on GPX3 mRNA accumulation when LXR is disrupted support this hypothesis. This is in good agreement with the literature since, in contrast to LXR , the function of LXR is not clear (Peet et al. 1998a,b) . It was shown that, although LXR is expressed in the liver and seems to respond to the same ligands as LXR , LXR is unable to rescue the phenotype of the LXR / mice clearly (Peet et al. 1998a,b) . In addition, despite broad tissue distribution and early embryonic expression of LXR , mice null for LXR did not show any obvious phenotype (Peet et al. 1998a,b) . In our case too, disruption of LXR was not associated with an obvious phenotype in the epididymis. These observations led Peet et al. to the conclusion that, at least in liver, LXR and LXR might have distinct target genes and are likely to have different functions. Only recently, skin defects have been reported for LXR / animals (Komuves et al. 2002) , suggesting that LXR might play some specific roles in epithelia. Our observation that epididymal genes seem to be more affected by the disruption of LXR than LXR most likely simply reflects the higher epididymal expression of LXR than of LXR . In any case, it renders the epididymis an attractive tissue to screen for specific LXR target genes in the reproductive tract. Among epididymal genes, our investigations suggest that gpx5 and pea3 are not direct target genes for LXRs since these genes were not up-regulated in WT animals fed an agonist of 
Figure 9
Morphology of spermatozoa in LXR -null mice versus WT mice. Spermatozoa were collected from the cauda epididymal lumen of WT mouse and LXR -deficient mice (11 months of age). Arrows indicate either bent or hairpin flagella while the arrowhead points out an isolated sperm head.
LXR (T1317). The assumption that gpx5 could be regulated by LXRs is not too farfetched, because it was shown that some GPXs can use oxidized forms of cholesterol as substrates (Hurst et al. 2001) . It was therefore expected that LXRs functioning as oxysterol sensors would also directly regulate genes involved in oxysterol catabolism. Knowing that a blood/epididymis barrier exists, we thought that it might protect the epididymis cells from the effect of the LXR agonist. However, we have shown here that abc8, a known target gene of LXR (Venkatesvaran et al. 2000) , is up-regulated in WT mice fed with T1317, suggesting that the drug was able to reach the tissue despite the presence of the epididymis/blood barrier. In addition, akr1b7, another reported target gene of LXRs (Volle et al. 2004) , was shown to be up-regulated by the LXR agonist in the testes of the same animals (D H Volle, unpublished observations). These data revealed that the T1317 drug was able to cross the testicular/blood barrier, which is known to be tighter than the epididymis/blood barrier. Thus, the absence of effect of the LXR agonist on our selected epididymal genes is unlikely to be a consequence of its sequestration outside of the epididymis territory, but rather reflects that these genes are not directly regulated by LXRs. Histological analyses of the caput epididymides of LXR -deficient mice revealed a profound defect of the caput epithelium organization. Intriguingly, only the proximal regions (segments 1 and 2) of the caput epididymis epithelium were disrupted in the LXR / -null mice, while the more distal regions of the caput (segments 3 to 5) as well as the efferent ducts, the corpus and the cauda epididymides remained undisturbed. Looking at the caput epididymides of LXR / mice of various ages, we noticed that the first signs of the epithelium defect started within segment 2 of the caput and then subsequently reached the more proximal part of the organ (i.e. segment 1 of the caput). These observations suggested that the epithelial cells of the proximal caput segment 2 are the primary targets of the oxysterol receptors in the adult mouse epididymis. The epithelium defect resulted in a complete regression of the highly polarized columnar-type secretory epithelium. Such a localized disruption of the caput epithelium argues in favour of a specific role of LXRs in the maintenance of the differentiated state of the caput epididymides.
Beside the disruption of the organization of the caput epithelium in LXR / mice, spermatozoa recovered from these mice were scarce and exhibited structural fragility. Using classical protocols for cauda epididymis sperm retrieval, spermatozoa collected from LXR -deficient mice were broken at the sperm midpiece level. In addition, isolated flagella were either bent or angulated in most cases. It is interesting to note that several mouse models of epididymal dysfunction leading to male infertility have been recently reported and that each model exhibited a similar sperm tail phenotype. This is the case of the c-ros knockout mice, a caput-expressed tyrosine kinase receptor resembling the epidermal growth factor receptor (Sonnenberg-Riethmacher et al. 1996) . The RXR knockout mouse model (Kastner et al. 1996) and, very recently, the apolipoprotein E receptor-2 knockout mouse model (Andersen et al. 2003 ) also showed a similar phenotype. In a different context, hairpin tail morphology of sperm flagella has been reported for the GPX5-Tag2 transgenic mouse model in which the promoter of the GPX5 gene was used to overexpress the SV40 large-T antigen in the mouse caput epididymidis . Interestingly, in at least two of these mouse transgenic contexts (c-ros and GPX5-Tag2), the sperm flagella structural defect was correlated with structural abnormalities in the caput epididymal epithelium. It was proposed that these changes in the caput epithelium resulted in impaired secretory and/or reabsortive functions of the caput, ultimately affecting sperm volume regulation (Sonnenberg-Riethmacher et al. 1996 , Yeung et al. 1998 . In these transgenic models, either a small territory of the caput was absent (c-ros knockout model; Sonnenberg-Riethmacher et al. 1996) or a mild proliferation of the caput epithelium was seen (GPX5-Tag2 and MMTV-RAR 1 transgenic models; Costa et al. 1997 . In our LXR knockout model, we observed a drastic change in the structure of the proximal caput epithelium (segments 1 and 2 of the caput). There was neither loss of territory nor drastic variation in the proliferation of epithelial cells. These different models once again suggest that the caput epididymidis and especially its very first segments (initial segment 1 and 2) as a very critical region for the acquisition of spermatozoa fertilizing ability. For the RXR knockout model, it has been suggested that accumulation of lipids in the we observed in our model. Answers to this question will have to await a detailed analysis of the testes and testicular activities of the different LXR knockout models.
One final interesting fact arising from our observations of the epididymides of LXR mutant animals is that the epididymis and sperm defects take place quite abruptly at a relatively advanced age (around 6 months of age). At this point in our studies it is difficult to understand why the tissue abnormalities of the epididymis caput occurred at this particular age and settled in so rapidly, since this age does not correlate with any particular known physiological event. However, the late occurrence of the abnormalities together with the observation that sexually mature mice of a younger age (between 2 and 6 months) do not show dramatic fertility losses suggest that for a while compensatory phenomena take place to back up the absence of nuclear oxysterol receptors. In order to understand the role of LXRs in reproductive tissues and particularly in the caput epididymis we have undertaken a search for LXR epididymal target genes. In conclusion, these data point to a new role for nuclear oxysterol receptors in the regulation of epididymis territories and genes involved in male fertility.
